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This article reviews recent progresses in the preparation and supercapacitor applications 
of selected nanoporous and nanoparticulates carbon-based materials, namely, activated 
carbons, graphenes and carbon nanotubes and their composites with redox materials. 
Simplified processing steps and graphitization are crucial for making activated carbons. 
Progressive liquid processing and furnace technology are mainly used in graphene 
preparation, including curlization, electrolyte-incorporation, self-propagating high 
temperature synthesis, molten salt technology and flash Joule heating. Redox 
deposition and new dispersion methods open better routes to making carbon nanotube 
composites of high charge capacity. Charge storage mechanisms are compared with 
attention to the facts that activated carbons store ionic charges largely in desirable 
nanopores, while the ion accessible external surfaces of nanoparticulates affect the 
storage performance of graphenes and composites of carbon nanotubes. Especially, it 
is explained that pseudocapacitance can result from partial (or zone) delocalization of 
electrons in graphenes caused by hetero atoms, oxygen in particular. A highlight of this 
review is on novel molten salt densified holey graphene that has enabled a high specific 





In this energy-dependent world, electrochemical energy storage (EES) plays a vital role 
in overcoming issues resulting from fossil fuel exhaustion. Figure 1 shows the Ragone 
plots of two typical EES devices, supercapacitors and rechargeable batteries.[1] It can 
be clearly seen that supercapacitors have unique advantages of higher power capability. 
In addition, supercapacitors have aroused considerable interests in both academia and 
industry for their other distinct advantages such as higher energy efficiency and very 
long cycle life.[2-3] Nevertheless, as shown in Figure 1, when compared with 
rechargeable batteries, supercapacitors offer only limited energy capacities, commonly 
below 20 W h kg−1, which are insufficient for various applications, such as electric 
vehicles. Thus, extensive works have been carried out to meet with this challenge. The 
energy capacity (E) of a supercapacitor is defined by Equation 1, 
𝐸 = ∫ 𝑈d𝑄 = ∫ 𝑈d(𝐶𝑈) =
1
2
𝐶𝑈2 (𝐶 is constant)           (1) 
where Q is the amount of charge, U the cell voltage, and C the capacitance of the cell. 
U is primarily limited by the decomposition voltage of the electrolyte. As increasing 
either or both of capacitance and cell voltage is effective to increase the energy capacity, 




Figure 1. A schematic Ragone plot showing the positions of supercapacitors relative to 
those of lead acid batteries, Ni-H batteries and lithium-ion batteries.[1]  
 
 Generally, supercapacitors can be classified into electric double layer (EDL) 
capacitors and pseudocapacitors according to the charge-discharge mechanisms. EDL 
capacitors are based on electrostatic charge accumulation at the interface between the 
electrolyte (ionic) and active electrode materials (electronic). Carbon-based materials 
with large specific surface areas (SSAs), excellent chemical stability and affordable 
costs are widely used in EDL capacitors, which have advantages in power capability, 
energy efficiency and lifetime when compared with capacitors based on 
pseudocapacitive materials which however can offer greater energy capacity.[4] 
Nowadays, most of the commercial devices are constructed from activated carbon (AC) 
electrodes and organic electrolytes.[5] These devices could reach operating cell voltages 
up to 2.7 V, whilst the AC electrodes showed specific capacitance of 100–120 F g−1 and 
volumetric capacitance of 60 F cm−3.[6] (Note: the cell specific capacitance was 
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incorrectly quoted as 100-120 F g−1 in ref. [6].) Recently, chemically converted 
graphenes have attracted immense attentions due to their AC comparable performance 
and promising technical potentials.[7] Carbon nanotubes (CNTs) discovered earlier than 
graphenes are also graphitic carbon materials with high conductivity. Unfortunately, 
CNTs have too low specific capacitances, but CNT composites with, for example, 
MnO2 can exert the synergistic effect, offering a high commercial potential. 
 In this review, research progresses are summarized in relation with ACs, graphenes 
and CNT-based materials (CNTs and CNT-composites) for supercapacitor applications. 
Different ways for preparation of these three carbon-based materials are described. Also, 
the capacitive performances amongst the three carbon-based materials in relation with 
the SSA and storage mechanisms are compared with a special attention to the effects of 
nanopores versus nanoparticulates. 
 
2. Carbon electrode materials 
    ACs are relatively low costs and highly porous with large SSAs but amorphous 
which means poor conductivity. Thus, more conductive graphitic carbon materials are 
beneficial to the power capacity of supercapacitors. CNTs have high electric 
conductivities but have much lower specific capacitances than ACs. The CNT  
composites with pseudocapacitive materials can exert a synergistic effect in 
supercapacitors. In contrast, various graphene materials are demonstrated to have 
comparable specific capacitances with ACs even if the practical SSAs are far below the 
theoretical value. The good properties of graphenes have been assumed to be due to the 
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redox activity brought about by hetero atoms, such as oxygen and nitrogen, which are 
present or introduced in graphenes. Alternatively, it has been recognized that Faradaic 
processes can result from either localized or partially (or zone) delocalized valence 
electrons, corresponding to battery-like (or Nernstian) or pseudocapacitive charge 
storage mechanisms, respectively.[3] According to a recent density functional theory 
model of variously oxygenated graphenes,[8] the hetero atoms divided or disrupted 
delocalization of electrons into smaller zones in graphenes, leading to the redox activity. 
The modelling outputs demonstrated that partially (or zone) delocalized electrons of the 
sp2 orbitals of carbon contribute more to charge storage than those localized in the sp3 
orbitals related with both oxygen and carbon. It should be emphasized that cyclic 
voltammograms (CVs) resulting from both pseudocapacitance (or Faradaic capacitance) 
and EDL capacitance should be rectangular in shape.  
 
2.1. Activated carbon 
Since the first patent on a carbon-based electrolytic capacitor was bulletined in 
1957,[9] ACs whose industrial production may be tracked to early 1900s have gradually 
become the commercial electrode materials of supercapacitors. In convention, ACs are 
prepared by a two-step method comprising of carbonization and subsequent activation 
of carbon-rich precursors at high temperature. Natural biomass materials, such as 
coconut shells, are preferably selected as the precursors due to their low cost and wide 
availability. Synthetic hydrocarbon or polymeric materials can also be the appropriate 
precursors of ACs for exceptional targets. As a matter of fact, they can also be low-cost 
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precursors when they are spent or out of the validity. After carbonization of the 
precursors, activating agents are applied to build dominantly micropores (< 2 nm) in 
the bulk carbon. The most popular activating agent is KOH, with which the activation 
mechanism is governed by Reaction 2. 
6KOH + 2C ≜ 2K ↑ +3H2 ↑ +2K2CO3              (2) 
Considering that the boiling points of K is 759 °C, the activation temperature with KOH 
can be around 800 °C. Apart from KOH, ZnCl2 is often used as an activating agent, the 
role of which in the activation may be as a catalyst for the dehydrogenation and 
dehydration reactions. The restriction of ZnCl2 evaporation below 600 °C is helpful to 
the creation of pores in AC.[10-12] In order to further decrease the cost, steam activation, 
which is based on partial gasification of carbon at high temperatures, is also used in 
commercial production of ACs.[13] Initially, the oxygen in the steam burns away the 
tarry pyrolysis off-products within the bulk carbon, opening some closed pores. Then 
the micropores are developed when the steam burns away the more reactive areas of 




    Coconut shells, as a biomass waste, are the most well-known feedstock in the 
production of commercial ACs because they are an inexpensive carbon-rich material 
with a low ash content and suitable hardness.[15] Such produced ACs can also be used 
as the electrode materials for supercapacitors. As an example, a soft-packed 
supercapacitor based on a coconut shell derived AC in the KOH electrolyte exhibited 
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70 F of capacitance and 1 W h kg−1 of specific energy for the whole device.[16] Other 
biomasses were also used as precursors of ACs, including lignin,[17] bagasse,[18] bamboo 
industrial byproduct,[19] willow catkin,[20] hemp bast fiber,[21] loofah sponge,[22] 
gelatin,[23] agar[24] and so on. On the other hand, of synthetic materials, phenolic resin 
is the most popular carbon precursor due to its high carbon yield and structure stability. 
Although other synthetic materials are inferior in cost and production scale compared 
with resin, they still have potential applications in the AC industry when they are spent 
or out of period of validity. For instance, in the energy storage industry, two binders of 
polyvinylidene fluoride (PVDF)[25] and polytetrafluoroethylene (PTFE)[26] can be the 
precursors of the ACs when they turn to be sediment, while conductive polymers, such 
as polyaniline[27] and polypyrrole,[28] can also be precursors of ACs when their 
properties are deteriorated after long term services. Further, metal-organic frameworks 
(MOFs) with tunable porous structures and large SSAs,[29-30] some of which are 
unstable,[31] are also good precursors of ACs. 
Apart from low cost, low ash content and suitable hardness, the principle to select 
the precursors of ACs is to enable controllable morphologies and components. 
Precursors with specific microscopic structures are expected to retain similar 
morphologies when converted to ACs. Typically, willow catkins showed 1D hollow 
microtubular structure with a diameter of 10 μm and a wall thickness of 1 μm. The 
conventional two-step method consisting of carbonization and activation with KOH 
both at high temperatures was applied to obtain hierarchically porous carbon 
microtubes, which were beneficial to the diffusion of ions into the inner micropores. In 
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comparison, a control sample prepared by one-step activation without carbonization 
could not retain the hollow tubular morphology but only exhibited irregular granular 
aggregates.[20] The precursor morphology was retained in the two-step method, 
suggesting that carbonization at high temperatures did not ruin the carbon skeleton. 
However, one-step activation destroyed the original morphology because KOH could 
attack both the precursor and its carbonization products at different stages. The SSA 
and the pore volume of the hierarchical carbon microtubes were 1776 m2 g−1 and 0.85 
cm3 g−1, respectively. A voltage of 2.8 V was reached by the two-electrode cell, in which 
the carbon microtubes showed 139 F g−1 of specific capacitance at a specific current of 
1 A g−1 for a single electrode in the organic electrolyte of 1 mol L−1 LiPF6, meaning a 
maximum specific energy of 37.9 W h kg−1. (All specific capacitances in the following 
text refer to a single electrode in a two-electrode cell unless specified otherwise.) 
Another example is the conversion of absorbent cotton to obtain carbon fiber aerogel.[32] 
Composed of numerous entangled carbon fibers, the aerogel showed high compression-
recovery property with an SSA of 2307 m2 g−1 and specific capacitance of 193 F g−1 at 
50 A g−1 in aqueous 6 mol L−1 KOH. Similarly, hemp bast fibers which are like graphene 
could be converted to crumpled carbon nanosheets,[21] and loofah sponge to 3D network 
AC consisting of cross-linked hollow microtubes.[22] Another interesting example is to 
immerse the carbon cloth into the alkaline solution of the starch to prepare a binder-
free electrode, utilizing the high viscosity of the precursor solution to load AC at 2 mg 
cm−2 onto the carbon cloth current collector.[33] 
MOFs can be used as the templates to prepare microporous carbon materials with 
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narrow pore distributions. MOF-5 and ZIF-8 (ZIFs: Zeolitic imidazolate frameworks) 
were filled with furfuryl alcohol, followed by polymerization and carbonization.[34-35] 
It was found that the control sample, ZIF-8 without polymerized furfuryl alcohol as the 
precursor, could also yield porous carbon with a high SSA. Also, MOFs as the sole 
precursor and self-template have been widely researched. The carbon derived from only 
ZIF-8 retained a similar bulk morphology to that of the parent, giving an SSA of 1075 
m2 g−1 and pore volume of 0.57 cm3 g−1.[36] Additionally, ZIF-8 particles with uniform 
sizes were synthesized as the precursors of ACs by cooling the reactants of Zn2+ and 2-
methylimidazole before reaction.[37] If ZIF-8 was subjected to ultrasonication during 
the synthesis,[38] the sonicated ZIF-8 derived carbon could yield a larger SSA of 1955 
m2 g−1 and a larger pore volume of 1.21 cm3 g−1. After activation with KOH, the SSA 
increased to 2972 m2 g−1 and the pore volume to 2.56 cm3 g−1.[39] The sonicated ZIF-8 
derived AC had a superior electrochemical performance in comparison with the control 
sample, unsonicated ZIF-8 as a precursor, showing 251 F g−1 at 0.25 A g−1 in 1 mol L−1 
H2SO4. The improved property was attributed to extra hierarchical pores produced in 
ZIF-8 via ultrasonication. 
 
2.1.2. Activation 
    Among the various conventional two-step methods, steam activation is supposed 
to be the most economical. However, only few ACs derived from coconut shells by 
steam activation had SSAs of ca. 2000 m2 g−1.[13, 40] The SSAs of the ACs derived from 
other precursors by steam activation were below 1000 m2 g−1.[41] Moreover, all the 
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specific capacitances of the ACs by steam activation, including acid treated ones, were 
lower than 200 F g−1 in aqueous KOH electrolytes. The two-step method must be 
adopted for steam activation. In order to decrease the cost, one-step method has also 
been developed, in which KOH or ZnCl2 activation could be used. It is well known that 
coal is destructively distilled to leave a solid residue of coke. Pyrolyzing a mixture of 
coal and organic additives without activation could produce molecular sieving carbon 
with uniformed micropores,[42] which had an SSA of 2955 m2 g−1.[43] If the diameter of 
micropores in the AC is smaller than those of the electrolyte ions, the corresponding 
SSA will not be utilized and the normalized capacitance by SSA will decrease.[44] 
Alkaline activation was also applied to prepare ACs with exceptionally high specific 
surface areas and tailored porosity from natural anthracite.[45] Thus, one-step activation 
with KOH or ZnCl2 has been developed.
[46-47]  
In fact, carbon yield and performance are also very important for the whole 
production cost of ACs, besides the steps of the process at high temperatures. The 
carbon yield from sawdust via the direct activation route with KOH was 22% at 
800 °C.[46] However, it was not the usual case for most precursors. Direct activation 
routes by alkali metal hydroxides often give a lower yield, even produces gray white 
powders when subjecting to a large amount of KOH. That is why the carbonization is 
carried out before activation in the conventional method. In order to ensure an 
appropriate carbon yield in the one-step activation, CuCl2 was employed as a new 
activating agent to etch the carbon skeleton.[48] The carbon yield was increased to 37.6% 
under CuCl2 activation from 1.4% under KOH. Also, higher N (4.0%) and S (1.1%) 
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contents were retained in the AC from activation by CuCl2. Such obtained ACs had a 
high SSA of 2448 m2 g−1 and a specific capacitance of 300 and 236 F g−1 in aqueous 
electrolytes of 6 mol L−1 KOH and 1 mol L−1 Na2SO4, respectively. The drawback was 
that the amount of CuCl2 used was too large (10 times of that of the precursor). In the 
popular KOH activation, hydrothermal treatments under acidic[21] or alkaline[49] 
conditions between 100 and 200 °C could be applied before activation, instead of 
carbonization at higher temperatures.  
Nevertheless, to improve the mixing homogeneity of precursor and activating agent 
and to further lower the energy input for AC production are always sought. Recently, a 
molecular level one-step activation route was developed to prepare AC from agar as a 
precursor which is the extract from seaweed.[24] Agar could be dissolved in alkaline 
water to form a single liquid phase below 100 °C in ambient environment, in which the 
dehydration (or deoxygenation) of agar was achieved. The color of the aqueous solution 
turned dark black and the C/O molar ratio of the treated agar samples increased. Further, 
the one-step activation of agar with KOH in the subsequent calcination produced an 
interconnected 3D network which was rich in voids of several micrometers with a wall 
thickness of several hundred nanometers (Figure 2a and b). The control sample 
processed by the conventional two-step method showed large carbon particles at a scale 
of 30 μm, suggesting that the molecular level activation occurred in the one-step 
calcination (Figure 2c). As a result, the one-step derived AC by molecular level 
activation possessed a larger SSA of 1672 m2 g−1 and total pore volume of 0.81 cm3 g−1, 
compared with 1048 m2 g−1 and 0.47 cm3 g−1 for the two-step derived AC, respectively. 
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The specific capacitance of the one-step derived AC was also 38% higher than that of 
the two-step derived AC (Figure 2d) in a three-electrode cell in 6 mol L−1 KOH. The 
symmetrical two-electrode cell based on the one-step derived carbon also exhibited a 
maximum specific cell capacitance of 57 F g−1 at 0.25 A g−1, corresponding to 228 F 
g−1 at 0.5 A g−1 for a single electrode. The improved charge storage performance could 
be attributed to the unique 3D network structure and pore characteristics whilst the low 
temperature and high efficiency production was indicative of the commercial potential 
of the molecular level one-step activation. 
 
Figure 2. SEM images of (a) and (b) AC by one-step (AC-1) and (c) AC by conventional 




Graphitization is another important step to be developed in the production of ACs, 
which can increase the electric conductivity of ACs and hence increase the power 
capability of supercapacitors based on AC electrodes. The resin mixed with Ni(OH)2 
was annealed under the NH3 atmosphere at 200 °C for 2 h and subsequently 400 °C for 
4 h. Hierarchical porous carbon was produced, in which graphitic walls of mesopore 
were observed. The hierarchical porous graphitic carbon had an SSA of 970 m2 g−1. The 
micropore volume accounted for 43%, giving 90% of capacitence retention as derived 
from CVs at 5 to 100 mV s−1.[50] The graphitization of the hierarchical porous carbon 
was attributed to Ni as a catalyst. In analogy, Co could also catalyze graphitization and 
hence ZIF-67 with Co could be graphitized. Since ZIF-67 had a low SSA, ZIF-8@ZIF-
67 was designed as a precursor which could yield an AC with a graphitic shell.[51] 
Graphene has high theoretical carrier mobility over 10000 cm2 V−1 s−1. Therefore, 
graphene-like ACs are more desirable amongst various graphitic ACs. Although hemp 
bast fibers could be converted to crumpled graphene-like carbon nanosheets, no 
evidence of graphitization was clarified, which was associated to conductivity and 
structural stability of the product. In order to form graphene-like ACs, a catalyst 
precursor of FeCl3 for graphitization was introduced combining with ZnCl2 as the 
activating agent into the skeleton of the coconut shell. One-step calcination at 900 °C 
in N2 completed the graphitization with activation.
[52] Figure 3a shows the thin 
graphene-like carbon nanosheets. The most important evidence of graphitization is that 
the 2D band at 2743 cm−1 and high intensity ratio of the G to D bands were revealed by 
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the Raman spectrum (Figure 3b), suggesting that the graphene-like AC nanosheets were 
composed of few layers of graphene according to the Raman theory.[53] The 
graphitization was ascribed to the formation and decomposition of the carburized phase 
at high temperatures, after which metal Fe and graphite were produced. The SSA and 
total pore volume of the graphene-like AC nanosheets were 1874 m2 g−1 and 1.21 cm3 
g−1. Its specific capacitance measured at 1 to 30 A g−1 was all clearly higher than those 
of the control AC sample without graphitization, which was attributed to the porous 
graphene-like nanostructure providing low ion-transport resistance and fast electrolyte 
diffusion pathways. The graphene-like AC nanosheets possessed a specific capacitance 
of 276 F g−1 at 1 A g−1 in aqueous 6 mol L−1 KOH and 196 F g−1 in propylene carbonate 
containing 1 mol L−1 tetraethylammonium tetrafluoroborate (Et4NBF4), respectively. 
 
Figure 3. (a) TEM image and (b) Raman spectrum (with clear D, G and 2D bands) of 
graphene-like AC.[52] Copyright 2013, Royal Society of Chemistry. 
 
On one hand, it is worth noting that not all precursors could produce the graphene-
like AC nanosheets with an obvious 2D band even if Fe3+ was added.[54] On the other 
hand, activation with KOH also gave rise to two examples of graphene-like ACs. Tissue 
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paper could be turned into graphitic carbon sheets via direct activation with KOH.[55] 
MOF-74 can be made into rod shapes in the presence of salicylic acid as a modulator. 
The pyrolysis of the rod-shaped MOF-74 could form carbon nanorods, maintaining the 
morphology of the original precursor. After ultrasonication and activation with KOH, 
the carbon nanorods were etched to six-layered graphene nanoribbons, as revealed by 
the morphology in the TEM image and the height profiles (1.5–4.5 nm) in the AFM 
image (Figure 4).[56] The N2 sorption analysis for the graphene nanoribbons showed a 
typical type II isotherm with an SSA of 1492 m2 g−1. The specific capacitance of the 
graphene-like nanoribbons was 168 F g−1 at 1 A g−1 in 1 mol L−1 H2SO4. In our opinion, 
the formation mechanism of graphene nanoribbons from carbon nanorods was similar 
to that of graphene from carbon nanotubes by oxidative etching with KMnO4.
[57] 
 




2.2.1. Liquid processing 
Since 2004, interests in graphene have grown exponentially.[58] A popular way of 
19 
 
making graphene starts from graphite oxide (GO) which can be exfoliated from graphite 
into monolayers by ultrasonication in water.[59] Exfoliated GO in liquid was reduced 
with N2H4∙H2O into graphene which could be applied in supercapacitors (Figure 5).
[60] 
The specific capacitance of the graphene was measured to range between 135 and 99 F 
g−1 in aqueous KOH and organic electrolytes, respectively.  
 
Figure 5. (a) SEM and (b) TEM images of graphene prepared from GO after reduction 
by hydrazine hydrate.[60] Copyright 2008, American Chemical Society. 
 
 
Figure 6. (a) TEM image of graphene prepared from GO reduction by p-phenylene 




However, after reduction, graphene tended to form irreversible agglomerates. It 
was found that stable dispersion of graphene could be  achieved with appropriate 
amount of N2H4∙H2O at pH of 10.
[62] Afterwards, many agents, such as NaOH,[63] p-
phenylene diamine,[64] vitamin C,[65] and HBr [66] were attempted to reduce (or in NaOH, 
decompose) GO and obtain stable graphene dispersion. It was found that the stable 
functional graphene colloids prepared from GO reduction by p-phenylene diamine were 
positively charged in organic solutions (Figure 6a). Hence, electrophoresis could be 
employed to deposit graphene nanosheets on the Ni foams as a supercapacitor electrode 
after subsequent annealing in Ar (Figure 6b).[61] 
    In order to inhibit the agglomeration of graphene monolayers, carbon black was 
mixed with the stable graphene dispersion by ultrasonication to insert into the 
interlayers of graphene after desiccation.[67] The SSA of the carbon black intercalated 
graphene increased to 586 m2 g−1 from 267 m2 g−1 for the pristine graphene. As a result, 
the specific capacitance increased by 42%. The graphene sheets prepared by 
conventional chemical routes are flat as a whole and tend to restack with each other. 
The gaps of graphene interlayers are clearly less than 1 nm. It was evaluated that the 
flat-shaped graphene sheet generally possessed specific capacitances between 100 and 
150 F g−1 in aqueous KOH electrolytes and absolutely below 50 F g−1 in ionic liquids 
(ILs). In order to solve this problem, samples of curved graphene were prepared by 
introducing compressed air to produce a fluidized-bed situation (Figure 7a).[68] The 
curved graphene showed mesopore characteristic with an SSA of 501 m2 g−1, which is 
higher than 184 m2 g−1 for the control sample of the flat graphene. Specific capacitance 
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of the curved graphene was 154 F g−1 at 1 A g−1, corresponding to specific energy 85.6 
W h kg−1 at room temperature in a pure IL of 1-ethyl-3-methylimidazolium 
tetrafluoroborate (EMIBF4) which enabled a cell voltage of 4 V (Figure 7b). Specific 
energy of 136 W h kg−1 was obtained at 80 °C, higher than that of the graphene-AC 
composite at the same temperature.[69] 
 
Figure 7. (a) SEM image and (b) CVs of curved graphene.[68] Copyright 2010, American 
Chemical Society. 
 
If the graphene dispersion is very stable, free-standing graphene films can be built 
by vacuum filtration. After desiccation, the graphene films may be used directly as 
supercapacitor electrodes without any binder or additives. However, graphene layers in 
such a graphene film are inclined to stack after removing water between interlayers, 
which decreases sharply the SSA of the film. It was realized that water was a soft matter 
existing in as-preparing graphene hydrogel films just after vacuum filtration. Then 
water in the graphene hydrogel films was exchanged with an acidic electrolyte 
solution.[70] The acid-exchanged graphene hydrogel film exhibited specific capacitance 
of 215 F g−1, and even outperformed the freeze-dried graphene films, suggesting that 
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the interlayer of the electrolyte-exchanged graphene hydrogel film was utilized 
thoroughly by electrolyte ions. The water in the graphene hydrogel films could also be 
exchanged with EMIBF4. The IL-exchanged graphene film showed 273 F g
−1 in specific 
capacitance and 151 W h kg−1 in specific energy. However, the electrolyte-exchanged 
graphene hydrogel films had a low packing density of 0.069 g cm−3 and volumetric 
capacitance of 18 F cm−3 because of large interspaces in the film. Evaporating the 
volatile solvent in the electrolyte-exchanged hydrogel graphene film by vacuum could 
prepare the electrolyte-incorporated graphene films, which could increase the packing 
density to 1.33 g cm−3.[71] The maximum packing density of acid-incorporated graphene 
films was much larger than that of electrolyte-exchanged graphene hydrogel films and 
slightly smaller than 1.49 g cm−3 of fully dried graphene films. At 0.1 A g−1, specific 
capacitance of the electrolyte-incorporated graphene films was 192 and 209 F g−1 at the 
packing density of 1.33 and 1.25 g cm−3, corresponding to volumetric capacitance of 
256 and 261 F cm−3 in H2SO4 and EMIBF4, respectively. The increased volumetric 
capacitance was attributed to removal of the redundant volume of the solvent. 
The hydrothermal treatment was found to be effective to reduce (or decompose) 
GO without any added reducing agents.[72] The cylinder-shaped graphene hydrogel with 
many macropores could be produced at appropriate concentrations of GO.[73] When 
hydrothermally treating the GO colloids with H2O2, the carbon atoms around the active 
defective sites of GO were oxidatively etched to leave behind vacancies or mesopores. 
The as-prepared holey graphene hydrogel was pressed into a holey graphene film after 
electrolyte exchange (Figure 8a).[74] The SSA of the holey graphene aerogel was 810 
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m2 g−1, while the non-holey graphene aerogel had an SSA of only 260 m2 g−1. The holey 
graphene film showed specific capacitance of 298 F g−1 at 1 A g−1 in an acetonitrile 
solution of EMIBF4, corresponding to unprecedented specific energy of 127 W h kg
−1, 
which is comparable to the theoretical value (165 W h kg−1) of lead-acid battery (Figure 
8b). For commercial consideration, the mass loading of electrodes increased to 10 mg 
cm−2, the practical specific energy and energy density of the whole supercapacitor 
devices could be up to 35 W h kg−1 and 49 W h L−1, respectively. 
 
Figure 8. (a) Photograph of holey graphene aerogel before (left) and after compression 
(right) and bending (inset). (b) Ragone plots of the holey graphene film supercapacitor 
(HGF-EC), lead-acid and lithium-ion batteries, and commercial supercapacitors 
(ECs).[74] (Note: In (b), the y-axis title should be Specific Energy and the x-axis title 
should be Specific Power.) Copyright 2014, Springer Nature. 
 
2.2.2. Furnace technology 
Furnace technology could prepare graphene powders at larger scales. Few-layer 
graphenes with an SSA beyond 700 m2 g−1 could be obtained by rapid annealing GO at 
1050 °C.[75] Instead of the rigorous condition of rapid heating at high temperatures, 
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heating at 400 °C under vacuum could achieve fast exfoliation of graphene layers.[76] 
Although the SSA was only 382 m2 g−1, the specific capacitance of the vacuum 
exfoliated graphene could reach 279 F g−1 in 6 mol L−1 KOH.  
Like the situation of ACs, KOH was also used to activate microwave-exfoliated 
GO, generating microporous graphene powders. The largest SSA of 3100 m2 g−1 was 
reported, higher than the theoretical value of graphene monolayer, which was attributed 
to the micropores after KOH activation.[77] The microporous graphene powders with an 
SSA of 2400 m2 g−1 showed 166 F g−1 in specific capacitance at 5.7 A g−1 and 70 W h 
kg−1 in specific energy in the acetonitrile electrolyte of 1-butyl-3-methyl-imidazolium 
tetrafluoroborate (BMIBF4). 
ZnCl2 was a relatively mild activating agent compared with KOH, and it was found 
to make a microporous structure in the graphene aerogel without pulverization. ZnCl2 
was absorbed into the graphene hydrogel by immersion. After vacuum drying and 
annealing under Ar, the microporous graphene aerogel still retained the columnar 
morphology.[78] The activation temperature of 600 °C compromised the SSA and the 
bulk density with the highest efficiency. The electrode density of the microporous 
graphene aerogel was 0.87 g cm−3. When the electrode thickness was 400 μm, the 
specific capacitance and volumetric capacitance were 172 F g−1 and 150 F cm−3 in the 
BMIBF4 electrolyte. The increase of the bulk density of the microporous graphene 
aerogels meant higher energy density than that of the graphene aerogel.[73] 
An extended method to produce porous structures was catalytic oxidation, in 
which SnO2 acted as a catalyst for carbon gasification. By immobilizing SnO2 on GO, 
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annealing at 350 °C in air and removing SnO2 by HI, perforations of 5–10 nm were 
obtained in graphene (Figure 9).[79] The specific capacitance of the mesoporous 
graphene reached 253 F g−1 at 1 A g−1 in the acetonitrile electrolyte of 1 mol L−1 
Et4NBF4, which had a potential window of 2.7 V. 
 
Figure 9. Scheme and TEM images of the conversion of GO decorated with SnO2 to 
mesoporous graphene via carbon gasification in air. Scale bars, 10 nm.[79] Copyright 
2016, Royal Society of Chemistry. 
 
Chemical vapor deposition (CVD) was regarded as the method for preparation of 
high-quality graphenes. When grown on the Cu foil by CVD, graphenes could be used 
as the transparent conductive membrane.[80] Similarly, Ni foams could reproduce 3D 
graphene by CVD after removing the template.[81] Nevertheless, the yield of the high-
quality graphene was not adequate for supercapacitor application. Further, metal oxide 
powders could also be the catalysts and templates to deposit graphene. Porous MgO 
layers, which were obtained by calcination of laminated Mg(OH)2, could be utilized to 
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prepare few layers of mesoporous graphene by CVD with an SSA of 1654 m2 g−1.[82] 
Similarly, porous MgO fibers produced from MgCO3 fibers assisted the production of 
mesoporous graphene fibers by CVD upon introducing CH4.
[83] However, the 2D bands 
in Raman spectra of the two samples were not obvious. The latter in EMIBF4 showed 
a potential window of 4 V, delivering specific capacitance of 193 F g−1 and specific 
energy of 105 W h kg−1 at 0.5 A g−1. In our opinion, the wide potential window could 
be attributed to the high stability of mesoporous graphene fibers with a very low oxygen 
content of 0.68% as an electrode in the pure IL electrolyte. 
Self-propagating high temperature synthesis (SHS), which was often used in the 
ceramic sintering field, was developed to fabricate scalable mesoporous graphene.[84] 
CO2 as the carbon source was sealed in the reaction chamber with a mixture of Mg and 
MgO in which a tungsten coil was embedded. A current of 3 A was applied for only 5 s 
to create a combustion wave, triggering the SHS course based on the magnesiothermic 
reduction expressed as Reaction 3.[85]  
2Mg + CO2 ≜ 2MgO + C                      (3) 
MgO acted as spacers to prevent the restack of graphene. The SHS-made graphene had 
an SSA of 709 m2 g−1 with unimodal pore distribution at 4 nm, and the maximum 
specific capacitance was measured to be 172 and 190 F g−1 at 2 A g−1 in the EMIBF4 
and ethyl-methylimidazolium bis(trifluormethylsulfonyl)imide (EMITFSI) electrolytes 
with potential windows of 3.5 and 4.0 V, respectively. High specific energy of 136 W h 
kg−1 in the EMITFSI was achieved at specific power of 10 kW kg−1. 
Molten salts are traditional media for electro-metallurgy, but could also be 
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designed for the fabrication of electrode materials in supercapacitors. Treatment of 
thermally exfoliated graphene in the NaNH2 molten salt simultaneously induced 
densification and perforation effects as well as N-doping (Figure 10).[86] 3–5 nm pores 
were built on the graphene basal planes. Different from other methods, the molten salt 
processing led to a high packing density of 1.2 g cm−3 for the electrode. The SSAs of 
the molten salt densified holey graphene (DHG) and untreated graphene were 187 and 
526 m2 g−1, respectively. The DHG was made into a positive electrode (positrode) and 
coupled with a lithium metal negative electrode (negatrode) in the electrolyte of 1 mol 
L−1 LiPF6 in mixed organic carbonates to form a hybrid of supercapacitor and battery. 
In this new device, which is also known as supercapattery,[3] the DHG positrode showed 
specific and volumetric capacitances of 248 F g−1 and 298 F cm−3 at 0.5 A g−1. The 
volumetric capacitance of the DHG was 3.8 times as that of untreated graphene, but the 
specific capacitance was 1.2 times. It was found that the DHG with a much lower SSA 
even had a higher specific capacitance, which was ascribed to the N doping effect and 
better ion transport through the holey layers of the DHG. The much higher volumetric 
capacitance of the DHG than that of untreated graphene was attributed to the removal 
of nonessential macropores via the molten salt treatment. It was thought that when extra 
electrolyte could fill up the nonessential macropores in the electrode, the weight of the 
whole device would increase, leading to lower specific energy in practical application. 
The highlight is that this DHG//Li-metal supercapattery sets a record of specific energy 
of 618 W h kg−1 without losing power capability (1.5 kW kg−1) and dis-/charging 
stability (3000 cycles). 
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Recently, grams of graphene powders were prepared by a flash Joule heating 
process. Such produced graphene showed a very high intensity ratio of the 2D to G 
bands,  reaching 17.[87] It was asserted that the new method could provide turbostratic 
graphene for bulk construction of composite materials. 
 
Figure 10. (a) Scheme of molten salt densification and perforation of thermally 
exfoliated graphene. (b,c) SEM and (d,e) TEM images of thermally exfoliated graphene 
before (b,d), and after (c,e) molten salt densification. (f) Analysis of nanopore lines 
shown in (e), schematic illustration of ion transport through stacked graphene layers (g) 





2.3. Carbon nanotube-based materials 
2.3.1. Carbon nanotubes 
CNTs, due to their unique tubular structure and highly desirable electric, 
mechanical and thermal properties, have attracted a great deal of attention for 
supercapacitor electrode applications.[88] Depending on their number of rolled graphene 
layers, CNTs can be divided into multi-walled and single-walled carbon nanotubes 
(SWCNTs), the diameters of which range from 0.4 to > 3 nm for SWCNTs and from 
1.4 to at least 100 nm for multi-walled CNTs.[89]  
Vertically aligned SWCNT forests were prepared by water-assisted CVD at 750 °C 
with C2H4 as the carbon source on silicon substrates with a thin coating of Al2O3 (10 
nm)/Fe (1 nm) as the catalyst.[90] Application of a small pressure at a shearing angle to 
the aligned SWCNTs induced vertical collapse to produce solid sheets which showed a 
specific capacitance of 80 F g−1 in the propylene carbonate solution of 1 mol L−1 
Et4NBF4 (tetraethylammonium tetrafluoroborate) at 2.5 V in cell voltage. Subsequently, 
the sparse SWCNT forests removed from the growth substrate was sheared between 
glass slides.[91] The specific capacitance of the sheared SWCNTs increased significantly 
from 68 F g−1 at 2 V to 160 F g−1 at 4 V with the same Et4NBF4 electrolyte, giving rise 
to maximum energy capacity of 94 W h kg−1 (or 47 W h L−1) and maximum practical 
power of 210 kW kg−1 (or 105 kW L−1). 
The applications of SWCNTs confront barriers of the nanotube cost, polydispersity 
(or non-uniform dispersity) in nanotube type and limitations in processing and 
assembly methods. However, commercial access to multi-walled CNTs is less 
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problematic. Hyperion Catalysis International, Inc., pioneered the production of multi-
walled CNTs in multi-ton quantities in the early 1990s. A non-linear galvanostatic 
charging-discharging (GCD) curve was obtained by the Hyperion CNTs perhaps 
because of the 1.2 wt% residual Fe catalyst. Additionally, a series of CNTs were found 
to have low specific capacitances without an acid treatment.[92] However, specific 
capacitance values from 20 to 80 F g−1 achieved with purified CNT powders were not 
impressive, possibly due to the hydrophobic property of CNT surface. Surface 
functionalization by introducing pseudocapacitance contribution through oxidation 
treatments leads to significant improvement of the specific capacitances.[93] 
Sulfonitric acid (mixed concentrated H2SO4 and HNO3) oxidation is the widely 
used method for processing CNTs. However, this process emits a large amount of 
polluting and toxic NOx gases. Recently, a NOx-free oxidation method for CNT 
processing was proposed, in which the CNTs was initially subjected to mechanical 
grinding and then hydroxyl radical oxidation in a sealed reactor.[94] In the following 
texts, SAT-CNTs refers to sulfonitric acid treated CNTs, BMW-CNTs to CNTs treated 
by ball milling and Piranha oxidation in a microwave digester, and BFHT-CNT to ball 
milling and Fenton–Piranha oxidation in a hydrothermal reactor. Such processed CNTs 
were shorter than the pristine CNTs but longer than the sulfonitric acid treated CNTs, 
and possessed balanced surface oxygen containing groups without compromising the 
original CNT integrity. They could also be easily dispersed in water. These 
characteristics are desirable for making a series of CNT composites including those 
with MnO2 and conductive polymers for supercapacitors. The BMW-CNT and BFHT-
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CNT had higher yields (both beyond 80 %) and less oxygen contents (both below 6 at%) 
than the sulfonitric acid treated CNTs (SAT-CNTs, below 65 % and 11 at%). More C=O 
groups, despite of less O content, were found in the BMW-CNT and BFHT-CNT which 
were still sufficiently stable in aqueous suspensions. The specific capacitance of the 
BFHT-CNT was 24% lower than that (33 F g− 1) of the SAT-CNTs. However, it behaved 
highly satisfactorily in the composites of polypyrrole/CNTs for supercapacitors. The 
specific capacitance of the polypyrrole/BFHT-CNT was 192 F g−1, which was higher 
than 153 F g−1 of polypyrrole/SAT-CNTs. The reaction course and the reactors should 
be industrially adoptable, promising a great technological and commercial future. 
 
2.3.2. Carbon nanotube-MnO2 composite 
 Materials with pseudocapacitive properties influence greatly the development of 
supercapacitors with enhanced energy storage capacity. MnO2 is a representative 
pseudocapacitive material, but it has poor conductivity and hence hinders their 
application as electrode materials. CNTs are complementary with MnO2, exerting a 
synergistic effect in the composite electrode for supercapacitors. As mentioned above, 
processing pristine CNTs often involves the use of an oxidant to preferentially and 
chemically attack the defects on CNTs. When KMnO4 was used as the oxidant, it was 
reduced to MnO2 by the defects of CNTs according to Reaction 4. 
4MnO4
− + 3C + H2O = 4MnO2 + CO3
2− + 2HCO3
 −         (4) 
Growth of nanocrystalline MnO2 was discovered mostly on the surface but also in the 
cavity of individual CNTs with corrosion occurred both at defect sites and ends of CNTs. 
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According to the observation, a microelectrochemical cell mechanism was proposed to 
reveal the cathodic growth of MnO2 on anodically corroded CNTs, as shown in Figure 
11.[95] The specific capacitance of the 65wt% MnO2/CNT sample was 144 F g
−1, 
deriving 214 F g−1 for MnO2 based on 39 F g
−1 for the acid-treated CNTs. In the follow-
up work, a trenched graphite disc electrode for loading the active materials without 
using any binder was applied for electrochemical studies and a bipolar electrode was 
used for fabrication and test of serially connected two-cell stacks, respectively.[96] 
Capacitance of 0.81 F cm−2 with less than 9 % capacitive degradation after 9000 dis-
/charging cycles was recorded on the trench electrode with 60 wt% MnO2/CNTs, whilst 
the bipolarly stacked prototype cell performed ideally according to theoretical 
expectations. 
 
Figure 11. TEM images of a CNT (a) with a very thin and uneven MnO2 coating and 
(b) with the MnO2 coatings above the tube openings and schematic illustration of redox 




Apart from the corrosion method, another method to grow MnO2 on CNTs is 
electrodeposition. Because of their flexibility, the CNT spun yarns can be drawn from 
a CNT forest. The CNT coiled yarns were fabricated by inserting a giant twist into the 
CNT spun yarns to improve stretchability. Then a core-shell structure was constructed 
for the MnO2/CNT composite by electrodeposition of MnO2 on the coiled CNTs.
[97] 
The linear and volumetric capacitances of the coiled supercapacitor were 2.72 mF cm 
−1 and 34.6 F cm −3, respectively. Owing to the active material’s strong adhesion and 
structural stability of the coiled electrode, the coiled supercapacitor exhibited 95 % and 
98.8 % capacitance retentions after 1000 stretching/releasing, and 1000 
charging/discharging cycles, respectively. 
 
3. Nanopores versus nanoparticulates 
3.1. Electrostatic models 
Conventionally, ACs have complex porous structures consisting of micropores and 
mesopores, sometimes as well as macropores, which is attributed to uncontrollable 
activation of the precursors. Because interactions between pore walls can be neglected, 




                              (5) 
where d is distance between electrolyte ions and electrode surface (Debye length), A is 
ion-accessible surface area, and ε0, εr are the vacuum and relative electrolyte dielectric 
constants, respectively. Somewhere k (electrostatic force constant) is introduced in 
Equation 5, which does not affect the validity of the EDL model. For micropores and 
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mesopores which contribute mainly to the capacitance of porous carbon, the negative 
curvature of layers of ions adsorbed on the wall of each pore should be considered. 
Assuming that mesopores and micropores are cylindrical, which is generally the 
assumption for physical adsorption of gases, Equation 6 can express the capacitance for 




                           (6) 
where b is the pore radius and a is the radius of the cylinder of inner electric layer of 
adsorbed (solvated) ions lining up along the wall of the pore. 
    Ideal non-porous graphene with zero curvature can be directly applied to the 
simplified EDL model, similar to that for macropores in ACs. Nevertheless, individual 
CNTs, which are effectively non-porous nanoparticulates as graphene in terms of ion 
access, obviously have a positive curvature of layer of adsorbed ions, forming an 
exohedral electric double-cylinder capacitor. Consequently in Equation 6, b turns to be 
the radius of the outer cylindrical layer of adsorbed ions.[100] 
 
3.2. Specific surface area 
    As a large number of various pores are introduced, the SSAs of ACs grow 
significantly after activation, which in turn should contribute to increasing the 
capacitance. For example, to our best knowledge, among non-templated ACs, the 
maximum SSA of 3692 m2 g−1 was obtained by the gelatin derived AC[23] and the 
maximum specific capacitance of 400 F g−1 by the pitch derived AC.[101] However, the 
specific capacitances were not in proportion to the SSAs, indicating that the SSAs were 
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not thoroughly utilized, possibly because the ultramicropores had a molecular sieving 
effect for electrolyte ions. A typical example was the commercial AC of YP50f and its 
re-activation sample. It was found that with similar O contents in neutral electrolytes, 
the specific capacitance of the re-activated carbon increased by 40%, but the SSA 
decreased from 1944 to 1854 m2 g–1. Such opposite changes were ascribed to the 
widening of micropores that enabled more micropores to be accessible by ions, 
sacrificing a small portion of the overall SSA.[102]  
Graphene is comparable with ACs in their theoretical SSAs (2630 m2 g–1) and 
hence specific capacitance. In practice, the SSAs of non-porous graphenes from GOs 
are quite low, usually not beyond 700 m2 g–1 according to the discussion in Section 2.2. 
The small SSAs are due to the tightly stacked individual graphene sheets after 
separation from colloids. The theoretical SSA of SWCNT is about a half of that of 
graphene. Generally, the practical SSAs of multiwalled CNTs range between 100 and 
500 m2 g–1, typically 520 m2 g−1 claimed for the commercial HiPco samples with closed 
ends.[103] The small SSAs of multiwalled CNTs were responsible for their small specific 
capacitance values. However, the aligned SWCNT forest by water-assisted CVD had 
an SSA of 1000 m2 g–1,[90] which was close to the theoretical value. 
 
3.3. Capacitive performance 
Although specific capacitance values of carbon materials show in general a 
positive correlation to the SSAs, in fact, they are dependent on the electrolyte ion 
accessible SSAs. Charge storage in ACs relies on the accumulation of electrostatic 
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charge within ion accessible nanopores while it is on the ion accessible surfaces of 
graphenes and CNTs. For ACs, the match relationship between the sizes of electrolyte 
ions and pores induced many interesting fundamental studies. For graphenes and CNTs, 
dispersibility of the nanoparticulates themselves, and the relationship between the size 
of electrolyte ions and individual nanoparticulates are both important. Additionally, the 
hetero O atoms may lead to pseudocapacitance for all of ACs, graphenes and CNTs.  
Supercapacitors use mainly aqueous, organic and IL electrolytes. Aqueous 
electrolytes have the advantages of high conductivity, low cost, and environmental 
friendliness but a restricted potential window (below 1.23 V). Organic electrolytes, such 
as Et4NBF4 dissolved in acetonitrile or propylene carbonate, are currently used in 
commercial supercapacitors because of their wide potential window between 2.5 and 
2.7 V and temperature range from −50 to 70 °C. The problems with organic electrolytes 
are their high cost relative to aqueous electrolytes and safety issue. ILs have wider 
potential windows between 4 and 6 V, low volatility and flammability, but the drawback 
of ILs is high viscosity at room temperature with low ion mobility. In order to decrease 
the viscosity of ILs to enhance their electrochemical kinetics, solvents of small organic 
molecules such as acetonitrile may be added to ILs to facilitate movements of ions. 
Recently, redox electrolytes were developed based on both aqueous and organic 
electrolytes to improve the energy storage. 
Table 1 summaries some representative examples of ACs, graphenes and CNTs 




Table 1 Characteristic and performance of ACs, graphenes and CNTs. 









(W h kg−1) 






AC from pitch [101] Activation KOH 2335 2 H2SO4 — 400 13.9 
AC from gelatin [23] Activation KOH 3692 6 KOH 1 296 10.3 
AC from agar [24] One-step KOH 1672 6 KOH 0.5 228 7.9 
Curved graphene [68] fluidized-bed 501 EMIBF4 1 154 85.6 
Porous graphene [77] Activation KOH 3100 x BMIBF4 5.7 166 70 
Graphene film [71] Electrolyte incorporated — 1 EMIBF4 0.1 209 
(261 F cm−3) 
88.9 
110 W h L−1 
Holey Graphene [74] H2O2 etching 810 4 EMIBF4 1 298 
(212 F cm−3) 
127 
90 W h L−1 
Molten Graphene [86] Molten 187 1 LiPF6 0.5 248 
(298 F cm−3) 
— 
Sheared SWCNT [91] CVD, sheared 1250 1 Et4NBF4 1 160 94 
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3.3.1. Aqueous electrolytes 
    H2SO4, Na2SO4 and KOH are representative acidic, neutral and alkaline aqueous 
electrolytes. The cell voltages of symmetrical supercapacitors with carbon electrodes 
generally reach 1.6 V in aqueous Na2SO4 electrolytes, while those in H2SO4 and KOH 
are ca. 1 V. These facts suggest that the H2 and O2 evolution reactions in aqueous 
electrolytes are affected by the interactions between electrode materials and the 
electrolyte, and also by the pH. For ACs, the nascent hydrogen produced from water 
decomposition is immediately absorbed in the micropores, resulting in an overpotential 
for H2 molecule formation and evolution. As a matter of fact, graphenes, CNTs and ACs 
have similar potential windows. For instance, both the asymmetrical supercapacitors 
with AC[104] or graphene[105] as the negatrode, and MnO2 as the positrode in 1 mol L
−1 
Na2SO4 worked at similar cell voltages between 1.8 and 2.0 V. 
Wettability of aqueous electrolyte on nanoporous ACs has an important effect on 
specific capacitance. A series of investigation on surface tension of iso-propanol in 1 
mol L−1 Na2SO4 revealed that absorption plateau appeared when the iso-propanol 
concentration was beyond 1000 mol m−3 (or 8 vol.%) (Figure 12a).[106] 
The CVs with iso-propanol showed current minimum region in the middle of the 
potential range, which must be related to the effect of iso-propanol buy not faradaic 
reactions. The voltage limit of the supercapacitor was extended from about 1.5 to 2.0 V 
in the presence of iso-propanol, which may be attributed to adsorption of iso-propanol 
at both the hydrophobic and hydrophilic sites of AC particles retarding proton reduction 




Figure 12. (a) Adsorption isotherm of iso-propanol on the surface of the 1.0 mol L−1 
Na2SO4 solution, (b) CVs of ACSCs recorded at 5 mV s
−1 in 1.0 mol L−1 Na2SO4 with 
(solid line) and without (dashed line) added iso-propanol.[106]  
 
3.3.2. Organic and ionic liquid electrolytes 
    In the traditional opinion, if the pore sizes of porous carbon are smaller than the 
size of solvated electrolyte ions, the corresponding SSA may become ineffective, 
leading to decreased EDL capacitance normalized by the SSA. It was claimed that 
carbide-derived carbons (CDCs) with pore diameter smaller than that of the solvated 
organic electrolyte ions had an anomalously increased capacitance normalized by SSA. 
It was thought that the solvation shells were highly distorted and hence ions were 
squeezed into the pores,[107] but this claim needs further justification from more reliable 
SSA data.   
ILs have wider potential windows, typically reaching 3.5 to 4.0 V for EMIBF4 or 
EMITFSI. Too much oxygen in carbon may deteriorate the wide potential window of 
ILs.[24] Considering that ILs are solvent-free electrolyte, they can be as a probe for the 
dominated pore size of AC.[108] As zeolite-templated carbon and commercially AC cloth 
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had concentrated pore distribution near 1.00 and 0.58 nm respectively, they were used 
to study whether distortion of IL ions occurred. The limiting size of the IL cation was 
calculated based on realistic shape with different alkyl chain length. A low cell voltage 
of 1 V at a slow scan rate of 1 mV s−1 were applied to avoid any ions intercalation at 
high voltage and neglect any kinetic restrictions imposed by the viscosity of the ILs. 
Figure 13 shows the electrochemical behavior between electrolytes (organic electrolyte 
and ILs with different ion sizes) and the two carbon samples.[109] Et4N
+ of 0.68 nm in 
size was demonstrated to squeez into the pore (0.58 nm) of the AC cloth but all ILs with 
size above 0.85 nm could not. The ILs with size of 1.35 and 1.98 nm could be squeezed 
into the pore (1 nm) of zeolite-templated carbon by polarization-induced distortion of 
ions. However, the possibility for the highly distorted solvated shell of Na+ or SO4
2− in 
the aqueous electrolyte to squeez into the ultramicropores of AC was ruled out.[102]  
As for non-porous graphenes, their dispersibility should be addressed first. Stable 
dispersions of graphenes consisting of individual graphene monolayers are the 
precondition of large SSAs of graphene solids. The channel between individual 
nanoparticulates is hard to control after filtration from aqueous dispersion. The curved 
graphene after desiccation provided more channels for ions. For graphene films formed 
by filtration of the dispersion, residual water between individual graphene sheets could 
provide the ionic channel within the film. After electrolyte exchange, the channels were 




Figure 13. CVs of the (a) carbon cloth and (b) zeolite-templated carbon at 1 mV s−1 in 
the different electrolytes indicated.[109] Copyright 2009, Elsevier. 
     
Similarly, the SSAs of SWCNTs must be higher than those of multiwalled CNTs. 
Aligned CNTs were demonstrated to have a superior capacitive performance in organic 
and IL electrolytes than entangled CNTs and some commercial ACs, especially at high 
current and thick electrode, because of the former providing more direct and shorter 
channels for ion transport.[90, 110-111] It was also found that the specific capacitance of 
the sheared SWCNTs as mentioned above has increased significantly from 68 F g–1 at 
2 V to 160 F g−1 at 4 V in the organic electrolyte.[91] 
 
3.3.3. Redox electrolytes 
The electrochemistry of Br−, Fe2+ and Cu2+ ions in aqueous electrolytes was 
investigated with AC electrodes, which unveiled the prelude of redox electrolytes.[112] 
In the case of Fe2+ and Cu2+ ions, the synergistic effect of the two ions improved the 
irreversibility and capacity, compared with one of them. The CV of the two-electrode 
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cell showed irreversible redox peaks and the GCD curve the potential plateau occurred 
near 0 V, producing a larger value of dt/dU than the other part. It was worth noting that 
“capacity” was plotted rightly but “capacitance” was expressed inappropriately in the 
text. Then 0.06 mol L−1 CuCl2 in 1 mol L
−1 HNO3 as a redox electrolyte was reported. 
Potential plateau was observed in the GCD curve, which was battery rather than 
capacitive behavior. Thus, a giant specific capacitance was claimed by a wrong 
equation derivation,[113] called as “claimed specific capacitance” here, which will be 
discussed later. The combination of redox and conventional electrolytes was attempted 
to extend the potential window of carbon materials. The 20 mmol L−1 [Fe(CN)6]
3− in 1 
mol L−1 Na2SO4 solution and the 1 mol L
−1 Na2SO4 solution were applied to the 
positrode and negatrode respectively, both of which were made of the holey graphene, 
achieving a cell voltage of 2 V. However, the “specific cell capacitance” should be 51 
F g−1 rather than 101 F g−1 as claimed in the literature[114] because the cell voltage 
applied was 2 V, not to mention the calculated specific energy. It seemed that the EDL 
capacitance from nanopores of ACs or nanoparticulates of graphenes was not the main 
contribution in redox electrolytes. 
In other studies, 1 mol L−1 KI and other alkali metal iodide electrolytes as redox 
active electrolyte without any other support electrolytes were exploited. The KI 
electrolyte interacted with an AC electrode, leading to the claim of much larger specific 
capacitance of 261 F g−1 than the H2SO4 electrolyte (160 F g
−1).[115-116] In fact, redox 
reactions of iodide ions caused battery-like or Nernstian behavior of the positrode in 
the KI electrolyte, while capacitive behavior dominated the contribution at the 
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negatrode. The GCD curve was very close to symmetrical lines, which could give rise 
to an “apparent” specific capacitance. The symmetrical cell with AC electrodes and the 
KI electrolyte was similar to supercapattery assembled from battery and capacitive 
electrodes with Li+ electrolytes. Recently, investigations on KBr and KI with AC 
electrodes were carried out.[117] It was found that when the concentration of KI 
increased from 1 to 2 mol L−1, the CVs of the cell displayed marked peaks at low cell 
voltages near 0 V (Figure 14a). This feature of the cell was correlated to the potential 
plateaus at the beginning of charging and end of discharging of the negatrode, and also 
to the battery-like or Nernstian bahaviour in the whole charging and discharging course 
of the positrode, on the GCD curves in Figure 14b. 
The GCD curves of the KBr electrolyte were more linear than those of KI because 
of the potential plateaus at the end of charging and beginning of the discharging in the 
positrode, and the capacitive behaviour in the whole charging and discharging course 
of the negatrode (Figure 14c). When the negatrode to positrode AC mass ratio was 3, 
the cell in 1 mol L−1 KI had maximum specific energy of 33.2 W h kg−1 and a cell 
voltage of 1.6 V (Figure 14d).  
However, the GCD curve of the cell containing the non-porous functional CNT 
electrode and an electrolyte of 0.5 mol L−1 KBr in 1 mol L−1 Na2SO4 was similar to that 
of the one containing the 2 mol L−1 KI electrolyte.[118] Because the non-linear part was 
near at 0 V on the GCD curve, the specific energy calculated according to Equation 1 




Figure 14. (a) CVs of the symmetrical cell containing 1.0 and 2.0 mol L−1 of KI at 5.0 
mV s−1, GCD plots of the symmetrical cell containing (b) 2.0 mol L−1 of KI and (c) KBr 
at 0.1 A g−1 and corresponding positrode and negatrode, (d) GCD plots of the cell 
containing 1.0 mol L−1 KBr with different mass ratio of positrode to negatrode.[117] 
 
Further, two redox aqueous electrolytes of KI and VOSO4 were applied to the 
positrode and negatrode, respectively. However, the CVs obviously showed a pair of 
redox peaks when scan rates were not beyond 10 mV s−1 and the GCD curves exhibited 
medium derivation of lines, meaning dt/dU was not constant. A “claimed specific 
capacitance” of 500 F g−1 was calculated in the literature,[119] which should be 250 F 
g−1 because 0.5 A g−1 in specific current was applied. When 2 mol L−1 VOSO4 with 
addition of 0.75 mol L−1 SnSO4 and 0.1 mol L
−1 H2SO4 as a redox electrolyte was 
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employed in the whole cell with a separator of anion exchange membrane which 
effectively prevented redox shuttling of vanadium and vanadium oxide ions between 
the two electrodes. The SnSO4-VOSO4 electrolyte led to an improved performance 
from that without SnSO4.
[120] Battery comparable specific energy of 75 W h kg−1 was 
obtained at a cell voltage of 1.4 V.  
Hydroquinone, an organic redox active molecule, was added into the acidic 
electrolyte of a carbon-based supercapacitor.[121] However, the plateau occurred near 0 
V on the GCD curve, producing a larger value of dt/dU than the other parts and thus a 
large “claimed specific capacitance”. Heptyl viologen dibromide was used to design 
aqueous redox-enhanced supercapacitors towards slow self-discharge.[122] Aqueous 
viologen dihalogens were used as a biredox electrolyte that was active on both the 
positrode and negatrode with potential plateaus on the GCDs of both electrodes.[123] 
    Besides redox aqueous electrolytes, redox organic electrolytes were also 
developed. As mentioned, halogen ions were demonstrated to be redox active when 
they were used in aqueous electrolyte. Similarly, 1-ethyl-3-methylimidazolium bromide 
(EMIBr) could be used as a redox organic additive in the IL of EMIBF4.
[124] The 
activated carbon fiber cloth in the electrolyte showed a capacitive potential range from 
0.5 to 2.0 V, within which symmetrical GCDs were obtained. At 0.1 A g−1, the apparent 
specific capacitance of the supercapacitor was 59 F g−1 in EMIBr/EMIBF4, but 33 F g
−1 
in pure EMIBF4. The leakage current of the supercapacitor in EMIBr/EMIBF4 was 
almost the same as in EMIBF4, meaning that the oxidised species neither diffused into 
the electrolyte nor shuttled between the electrodes. Another redox organic electrolyte 
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was hydroquinone dissolved in triethylammonium bis(trifluoromethane)sulfonimide, 
enabling a cell voltage of 2.5 V.[125] The AC supercapacitor in the electrolyte showed 
enhanced apparent specific capacitance of 72 F g−1 and specific energy of 31.2 W h 
kg−1. P-phenylene diamine as redox additive in the electrolyte of 1 mol L−1 LiClO4 in 
acrylonitrile was also investigated with AC electrodes.[126] However, the specific energy 
was exaggerated because the calculated cell voltage was 2.5 V based on the potential 
window from −1.25 to 1.25 V. 
Additionally, a redox active IL of 1-ethyl-3-methylimidazolium 
ferrocenylsulfonyl-(trifluoromethylsulfonyl)-imide in acetonitrile was exploited, in 
which the anion was the redox active species.[127] Further, a bi-redox IL was proposed 
which comprises a perfluorosulfonate anion bearing anthraquinone and a methyl 
imidazolium cation bearing 2,2,6,6-tetramethylpiperidinyl-1-oxyl.[128] The 
supercapacitor based on an AC (PICA) with the biredox electrolyte delivered a cell 
voltage of 2.8 V and specific energy of 70 W h kg−1. The supercapacitor based on 
graphene with the same electrolyte showed a larger “claimed” specific capacitance but 
a serious fading upon cycling. It was observed that the deterioration of capacitance was 
closely related with the increase in cell resistance resulting from the progressively 
restack of graphene after repeated ion ingression and egression. Another AC of YP50 
could not match the bi-redox moieties and showed very poor performance. 
From the developments mentioned above, whether aqueous or organic, redox 
electrolytes have been classified into redox additive electrolytes in which redox active 
species are added to enable fast electron transfer reactions at the electrode/electrolyte 
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interface, and redox active electrolytes which are inherently able to undergo fast 
electron transfer reactions. However, both of these are capable of boosting Faradaic 
charge storage processes in supercapacitors. The selection or design criteria should be 
considered as following: (1) The standard redox potential within an appropriate region 
can balance redox activities in the electrolytes and electrodes, (2) reversible and fast 
electron-transfer kinetics, (3) high solubility of redox species in the electrolyte, (4) the 
ability to hold charge for a prolonged time to suppress cross diffusion and redox 
shuttling, (5) long-term stability of the redox species both in the solid state and in the 
solution phase.[117, 123, 129] It is worth noting that (3) works against (4). From the view 
of commercialization, facile synthesis and low toxicity should be complied with.[130] 
The “claimed specific capacitance” and exaggerated specific energy are popular 
phenomena and hence should be discussed. Capacitance as a physical property is 
dependent on distance between electrolyte ions and the electrode surface (d), ion-
accessible surface area (A) and the electrolyte dielectric constant (ε), according to 
Equation 5. Capacitance is essentially independent of the amount of charge and the 
potential applied,[131] although it could be calculated according to Equation 7 under the 







= constant                     (7) 
where t is time and I is current.  
A derived Equation 8 copied from the literature[113] actually is equivalent to 




                             (8) 
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Therefore, from the result, Equation 8 cannot be applied to the non-linear GCD curves 
obtained from the CuCl2 in HNO3 redox electrolyte either.
[113] From the derivation 
course, Equation 9 copied from the literature[113] which derived Equation 8 is wrong 







 (only if 𝐶 is constant)               (9) 
Because C and U are functions of t for a non-linear GCD curve, a variable C(t) cannot 
be excluded out of the integral in an equation, certainly including the left side of the 
equation. Moreover, because U(t) is a variable with t, a ratio of two integrals would 
change if multiplied by U(t)/U(t), which is similar to case of the non-Equation 10. 
∫ sin 𝑥 𝑑𝑥
1
0




∫ 𝑥 sin 𝑥 𝑑𝑥
1
0
∫ 𝑥 cos 𝑥 𝑑𝑥
1
0
                          (10) 
A “claimed capacitance” is a wrong concept. Further the wrong derivation 
confuses the wrong concept. Capacitance should not be applied to all energy storage 
devices. Actually, whether supercapacitor, supercapattery, supercabattery or battery, the 
high energy storage capacity is always pursued. Equation 11 applies to the GCD 
measurement of all energy storage, rather than Equation 1 which only applies to 
capacitive behavior. 
𝐸 = ∫ 𝑈𝑑𝑄 = 𝐼 ∫ 𝑈𝑑𝑡                       (11) 
The accurate specific energy must be calculated by Equation 11 as long as non-linear 
GCD curves are obtained. 
 
3.4. Discussion 
    Furnace heating is crucial for preparation of ACs. Abundant pores are formed 
49 
 
during activation at high temperatures, corresponding to large SSAs from 1000 to 2000 
m2 g−1. Graphenes are prepared mainly by liquid processing and furnace technologies, 
whilst carbon nanotubes with high quality are produced mainly by CVD that is a typical 
furnace technology. Because of restacking of individual graphene layers, SSAs of 
graphenes are far from the theoretical value, but close to that of multi-walled CNTs, i.e. 
about 500 m2 g−1. It is known that ACs store capacitive charge via the accumulation of 
electrostatic charge within ion accessible nanopores, while non-porous graphenes and 
CNTs rely on the exposed surfaces of nanoparticulates for ionic access. Despite of the 
impressive differences in SSA between ACs and graphenes, their specific capacitances 
are comparable. On one hand, ultramicropores with sizes below the diameter of ions or 
solvated ions cannot accommodate electrolyte ions. Generally, in aqueous electrolyte, 
micropores are efficient to store capacitive energy only if the pores are wider than the 
diameters of ions and their solvated shells. In the neutral electrolyte of Na2SO4, the 
threshold of an effective pore size may be slightly larger than the size of solvated 
ions.[102] In organic electrolytes and ILs, organic ions with solvated shells and even ILs 
without shells may be squeezed into slightly smaller pores by polarization-induced 
distortion. However, not all micropores in ACs can be utilized in both electrolytes. 
Additionally, electrolyte dielectric constants also influence the specific capacitance of 
ACs in both electrolytes. On the other hand, graphene with more oxygen functional 
groups can exert pseudocapacitance which cannot be neglected, although the 
dispersibility and post-treatment of graphenes are both important. High dispersibility is 
the prerequisite to obtain medium SSAs of graphenes which may be underestimated 
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due to vacuum desiccation before the adsorption measurements. The post-treatment, 
such as curlization and electrolyte-incorporation, can overcome the restack to keep the 
ionic channel between individual nanoparticulates. However, as long as the stacked 
graphenes consisting of more than 3 layers on electrodes in electrolytes, the truly 
exposed SSAs of graphenes must be smaller than those of ACs. No evidences indicate 
that the channels between graphene layers smaller than the size of ions or solvated ions 
can be efficient to store capacitive charge. Even if so, the diffusion length of electrolyte 
ions is too long which would increase the transport obstacle of distorted ions. Therefore, 
the pseudocapacitance of graphenes resulting from partially (or zone) delocalized 
electrons of the sp2 orbitals of carbon by hetero atoms plays an important role in 
capacitive storage. This is why multi-walled CNTs with the same medium SSAs but 
nearly without oxygen functional groups always have low specific capacitances than 
those of ACs and graphenes. It is worth noting that sheared SWCNTs as mentioned 
above had significantly increased specific capacitance from low to high cell voltages.[91] 
This phenomenon may suggest that electrostatic accumulation on non-porous 
hydrophobic graphitic surface is correlated with the applied voltage. 
    Graphenes prepared from GOs with abundant oxygen could retain the residual 
oxygen functional groups, compared with ACs derived from carbon-rich precursors and 
CNTs by CVD. In fact, if the oxygen contents of graphenes can be controlled in a 
desirable range, their potential windows in aqueous electrolytes, including redox ones, 
are almost the same as that of ACs although micropores can absorb nascent hydrogen 
and give an overpotential for H2 evolution. However, the organic electrolytes, 
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especially ILs, are sensitive to the oxygen content. Too much oxygen can decrease the 
cell voltage in organic electrolytes. The capacitance fading of graphenes was more 
serious than that of ACs with desirable pores in the bi-redox IL electrolyte. The 
mechanical and electrochemical instability of graphenes arising from progressive 
restack upon successive ion intercalation and deintercalation, and residual oxygen 
functional groups influence the lifetime of the supercapacitors in redox IL electrolytes. 
 
4. Conclusions and perspective 
In conclusion, carbon materials can be used to make appropriate electrodes in 
supercapacitors due to their high cost efficiency. ACs can be prepared by the 
conventional two step method including carbonization and activation at high 
temperatures. Synthetic and natural carbon-rich materials, particularly when they have 
come to the end of the service life, can be used as the precursors for making ACs. 
Selection of precursors with peculiar morphology and structure can help build ACs with 
similar bulk morphology and obtain high capacitive performance. Steam activation is 
only adapted to the two-step method, while one-step activation could be achieved by 
KOH or ZnCl2 activation. The molecular level one-step activation method has been 
developed with a soluble precursor to deliver high performance. Graphitization of ACs 
could be fulfilled by catalytic role of transition metal elements during activation, which 
increases the electrical conductivity and power capacity. 
Graphene is a type of new carbon materials for the electrodes of supercapacitors. 
Although being non-porous and having lower SSAs than ACs, graphene offers 
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comparable or even better performance because of pseudocapacitance resulting from 
zone delocalization of electrons caused by residual O and other hetero atoms. The 
solution method that reduces the exfoliated GO in liquid with appropriate reducing 
agents can give rise to stable dispersions of graphene monolayers. In order to prevent 
the restack of graphene layers after separation from liquid, curved graphene has been 
developed to facilitate accessibility of more electrolyte ions. Electrolyte-exchange and 
-incorporated graphene films can achieve the same effect. The latter can also increase 
the packing density and volumetric performance of graphene electrodes. Furnace 
technology is regarded to be a promise to large scale production of graphene. Activation 
or catalytic oxidation produces microporous graphene and CVD or SHS technologies 
combining with template are more suitable for making mesoporous graphenes. The 
molten salt approach can increase the packing density of mesoporous graphene, which 
is crucial for practical applications. Particularly, the record high specific energy of 618 
W h kg −1 achieved in the supercapattery with a molten salt densified graphene positrode 
and the lithium metal negatrode signifies a huge technological potential. 
Despite limited capacitive storage capacity, CNTs have outstanding electric 
properties and excellent mechanical and thermal stability. The CNT-based composite 
with pseudocapacitive materials, such as MnO2, can exert the synergistic effect in 
supercapacitors. New oxidative methods are being developed to obtain sufficient 
stability in suspension for the preparation of the composite and balanced surface oxygen 
containing groups without release of toxic NOx gases. Corrosion of CNTs with KMnO4 
and electrodeposition are the two main methods to prepare the MnO2/CNT composites, 
53 
 
in the former of which, a microelectrochemical cell mechanism was proposed. 
ACs have different characteristics in comparison with graphenes and CNTs. The 
former has nanopores and the latter are nanoparticulates. The accumulation of 
electrostatic charge on ACs, graphenes and CNTs forms electric double-cylinder, 
electric double layer, and exohedral electric double-cylinder, respectively. Generally, 
the SSAs of ACs are far higher than those of graphenes and CNTs. Even though, non-
porous graphenes have comparable capacitive performance with ACs because of 
electrolyte-incorporated channel between individual graphene sheets and the 
pseudocapacitance arising from zone delocalized electrons caused by hetero atoms in 
graphene. Nevertheless, CNTs, especially commercial multi-walled CNTs, have low 
capacitances, even the aligned or sheared SWCNTs have insignificant capacitance. As 
for ACs, the improvement of wettability and extension of potential window can be 
achieved by addition of isopropanol into the neutral aqueous electrolyte. It was claimed 
that ions could be distorted when squeezed into the pores whose diameters are smaller 
than those of solvated ions in organic electrolytes and ILs. However, the possibility of 
ions being squeezed is ruled out in the Na2SO4 aqueous electrolyte. Many redox 
electrolytes have been exploited to increase the Nernstian storage capacity of the three 
carbon-based electrode materials. It is worth noting that, in many cases, the Nernstian 
storage capacity from the redox electrolyte was confused with the capacitance concept, 
and calculation of energy was incorrect. 
Low energy consumption, high packing density, high yield and high electrical 
conductivity are the main dedications in fabrication of carbon materials for industrial 
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supercapacitor application. One-step molecular activation reduced energy consumption 
but low yield should be addressed. Graphitization can also be considered in the 
activation course to increase the electrical conductivity. The macropores in carbon 
should be accurately designed toward the compromise between facilitation of 
electrolyte accessibility and packing density. Furnace technology is still very efficient 
for preparation of carbon materials, certainly including graphene, in large scales. For 
making graphene, new exfoliation technologies based on furnace and molten salts will 
be the first choice for commercial applications, in our opinion.  
Nowadays, the 3D printing technology has been developed to prepare materials 
with designed programs, which can also be applied to fabrication of supercapacitors. 
The critical step is making the ink of the electrode materials with appropriate viscosity 
and shear-thinning rheological properties.[132] 
Innovative production of AC, graphene and CNT-based composites, exploitation 
of new redox electrolytes[133] and matching the electrode with electrolyte may bring 
about a promising commercial prospect of supercapacitors with high performance and 
low cost. The 3D printing technology is a new trend in supercapacitor development, 
whilst the merit merge of supercapacitor and rechargeable battery into supercapattery 
is also leading to more desirable storage performances.[3,86,134] With the unremitting 
efforts from multiple disciplines, it is believed that innovation on carbon electrode and 
electrolyte can open up a significant vista for more successful commercialization of 
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